A nanoferrite series of composition Ni 0.5−x MnxMg 0.5 Fe 2 O 4 with x = 0, 0.1, 0.2, 0.3 and 0.4 has been prepared by a hydrothermal method. X-ray diffraction (XRD) confirmed the formation of cubic spinel structure. The average crystallite size is found to be in the range of 28-48 nm. The lattice parameter is found to increase linearly with an increase in Mn 2+ content. Field Emission Scanning Electron Microscopy micrographs indicate that the samples have almost uniform sized crystallites with uniform grain growth. Fourier Transform Infrared (FTIR) Spectroscopy studies showed two absorption bands close to 603 and 400 cm −1 for the tetrahedral and octahedral sites respectively. Saturation magnetization attained a maximum value of 34.15 emu/g at x = 0.3 and then decreases for higher concentrations of Mn 2+ ions. 
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Introduction
Soft ferrites with the spinel crystal structure have been extensively used in a number of electronic devices because of their remarkably high electrical resistivity, high permeability and saturation magnetization in the radio frequency region, mechanical hardness, chemical stability and reasonable cost. [1] [2] [3] [4] Therefore, spinel ferrites have found applications in transformers, noise filters, microwave devices, magnetic recording devices, magnetic sensors, spintronics, high density data storage, magnetically guided drug delivery, magnetic resonance imaging, etc. [5] [6] [7] [8] The interesting structural, electrical and magnetic properties of spinel ferrites are governed by the choice of cations along with Fe 3+ ions and their distribution between the tetrahedral (A) and octahedral (B)-sites.
9-14 Substitution of nonmagnetic ions at either site alters the A-A or B-B and A-B interactions, which leads to a significant change in their physical, electrical and magnetic properties. [15] [16] [17] [18] The properties of ferrites are very sensitive to the method of preparation, chemical composition, grain structure or size, sintering time and temperature, type and amount of additives.
19 Several chemical processing techniques are available for the synthesis of ferrites such as ceramic method, sol-gel, co-precipitation, hydrothermal process and organometallic precursor method, [20] [21] [22] [23] [24] [25] etc. Hydrothermal technique is well known for producing uniform, homogeneous, crystallized, nonagglomerated powders with a narrow size distribution. It is a very effective and reliable technique for preparation of ferrites in a controlled atmosphere. In addition, the hydrothermal synthesis is a cost effective technique requiring low processing temperature for nanoparticle production with reproducible properties. The process parameters such as pH of the solution, temperature of hydrothermal treatments, etc. are known to influence the final configuration crucially.
9,26
Hiti studied the electrical and dielectric properties of Ni x Mg 1−x Fe 2 O 4 samples prepared by a ceramic technique. 27 Hashim et al. studied the synthesis of chromium doped Ni-Mg ferrite prepared by a citrate-gel auto combustion method. 28 All chemicals were taken in stoichiometric amounts, dissolved in double distilled water and then mixed into boiling solution of sodium hydroxide (0.4 M) under magnetic stirring at 2000 rpm. The pH during hydroxide precipitation was adjusted to 11.5 in each case to ensure completion of the precipitation process. After reaction, the vessel was cooled to ambient temperature to allow the precipitates to settle down. The precipitated mixture solution was transferred into a Teflon-lined stainless steel autoclave and subjected to a hydrothermal treatment at a temperature of 100
• C for 2 h. The contents were cooled to room temperature, washed with distilled water till the sodium content was completely removed (or maintain the pH 7). The residue was collected after centrifugation and then dried at 80
• C overnight. The product so obtained was crushed properly and then pressed into pellets. The pellets were sintered at 900
• C for 3 h. The crystal phase of samples was checked by X-ray diffraction (XRD) with CuK α radiation. The average crystallite size of powders was determined by Scherrer's formula. In order to confirm the formation of spinel phase, Fourier Transform Infrared (FTIR) spectra were recorded on FTIR spectrophotometer from 350 cm −1 to 2000 cm −1 by using KBr pellet. The morphology of products was observed on a Field Emission Scanning Electron Microscope (FESEM). Magnetic measurements for synthesized nanoferrites were taken on a Vibrating Sample Magnetometer (VSM). DC resistivity as a function of temperature was measured by using the twoprobe method. The average crystallite size of the samples has been estimated from the broadening of the most prominent peak 311 using Scherrer's formula 31 : where D is the crystallite diameter, w and w 1 are the full width at half maximum of the relevant diffraction peak and instrumental broadening, λ is the X-ray wavelength and θ is the corresponding Bragg's angle. The average crystallite size was found to be 28.41, 34.86, 37.98, 41.11 and 48.17 nm, respectively for each increasing value of x. These results are better than those reported by Hossain et al. 29 Table 1 shows the variation of lattice constant, X-ray density D b (theoretical), experimental density D x and porosity "P " as a function of Mn 2+ ion concentration (x) of different compositions of Ni 0.5−x Mn x Mg 0.5 Fe 2 O 4 nanoferrites sintered at 900
• C. The lattice parameter determined using Bragg's law, increases from 0.8357 nm to 0.8394 nm with increasing Mn 2+ concentration, obeying Vegard's law. 32 The increase in the 2+ enters in the lattice, although the unit cell expands, it preserves the overall cubic symmetry. The X-ray density of the samples was calculated using the formula 34 :
where Z is the number of molecules per unit cell and is equal to eight for spinel ferrites. M is the molecular weight, N the Avogadro's number and "a" the lattice parameter. The experimental density of the samples has been calculated using the formula
where symbols m, r and h represents mass, radius and thickness of the pellets, respectively. The porosity of samples has been calculated using the formula
The X-ray density is expected to decrease with the Mn 2+ content because the lattice parameter increases with Mn 2+ content. Similar result has been observed by Pandit et al. in Mg-Mn ferrites. 35 This may be due to the reason that density 1.738 gm/cm 3 and atomic weight 24.305 of Mg atom are lesser than the density 8.908 gm/cm 3 and atomic weight 58.6934 of Ni atom. The apparent density of the samples reflects the same general behavior as theoretical density. The X-ray density of the samples has been found higher than the experimental density, which may be due to the existence of pores, and in turn depend on sintering conditions. Further, during uniaxial pressing, some pores or void spaces exist between the ceramic powder particles. During initial sintering, a grain boundary forms within the neck of adjacent particles and every interstice between particles become porous. As sintering is an incomplete process, residual porosity will remain after final sintering which affects the magnetic properties of the material. The value of percentage porosity of the samples has been found to be in the range 18%-28% (see Table 1 ). During sintering process, the discontinuous grain growth takes place due to which the intra-granular porosity is increased. When the grain growth rate is very high, pores may be left behind by rapidly moving grain boundaries, resulting in pores that are trapped inside the grains. This contributes toward the reduction in bulk density which in turn increases the porosity. Moreover, this increase in porosity and decrease in bulk density are due to increase in grain size because the grains may be of irregular shape and as the sintering proceeds, the grain growth takes place. decreases for x = 0.4. The opposite trend is observed for the porosity of different compositions. The porosity decreases up to x = 0.3 and then increases for x = 0.4. It is due to an increase in Mn 2+ content that indicates the possibility of a noncollinear spin arrangement between tetrahedral and octahedral sites. It means that for x = 0.3, the value of observed density is maximum and porosity is minimum.
In the case of Ni 0.5−x Mn x Mg 0.5 Fe 2 O 4 in the bulk form, chances for the formation of Mn 3+ cations during the precipitation process cannot be ruled out since Mn 2+ is easily oxidized in a highly basic solution. 36 Therefore, the presence of Mn 2+ /Mn 3+ ions were believed to be contributing to the expansion of the lattice.
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Since Mn 3+ ions have a preferential occupancy for octahedral geometry, they may be accommodated in the B-site. In the process, in order to maintain charge neutrality of the B-site, some Fe 3+ ions may be converted into Fe 2+ ions. The presence of Mn 3+ and Fe 2+ in octahedral site can result in the Jahn-Teller distortion of the octahedral symmetry of B-sites which might lead to a lattice distortion in these mixed ferrites. This type of lattice distortion was observed in coprecipitated manganese based ferrite nanoparticles. 
FTIR spectra
The FTI spectrum of the ferrite describes the vibration mode of ions and the deformation of spinel structure. Figure 3 shows FTIR spectra of Ni 0. 40 In our spectra, the peak occurs at 576.7 cm −1 which confirms the single phase spinel ferrite. This band strongly suggests the intrinsic stretching vibrations of the metal (Fe-O) at the tetrahedral site. One peak observed around 402 cm −1 can be attributed to (O-Fe-O) bending mode. All FTIR spectra characteristic peaks confirmed the formation of ferrite phase. The position of bands is composition dependent. The wave number of band ν 1 shifts towards higher values with increasing Mn concentration (x). This variation in the band positions may be due to the variation in cation oxygen bond length. 41 In addition, for some of the prepared samples, minor absorption bands are observed at 1350 cm −1 which may be attributed to the residual hydroxyl groups. The band at 1640 cm −1 is assigned to the stretching vibration mode of C O. Table 2 . M s , is found to increase with the concentration of manganese ions, attains a maximum value of 34.15 emu/g at x = 0.3 and then, decreases to 30.75 emu/g, for x = 0.4. This can be explained with the help of cation redistribution and exchange interaction between iron and between Mn ions at A-and B-sites. 43 The net magnetization is a result of difference in magnetization between A-and B-sites given by the relation based on Neel's two sublattice model 44 :
It is known that Ni 2+ and Mg 2+ occupy B-sites, although Fe 3+ and Mn 2+ exist at both A-and B-sites of the AB 2 O 4 spinel structure. 45 When Mn 2+ is introduced at the cost of Ni 2+ at B-site, some of the Fe ions migrate from A-to B-site in accordance with site preferences for different ions. As a result, Fe ions concentration is increased at B-site. Therefore, the magnetic moment of B-sublattice is increased for manganese concentrations x ≤ 0.3. However, as manganese concentration increases beyond x = 0.3, the iron ions left at A-site being smaller in number, A-B interactions experienced by B-site ions decreases. Moreover, increased number of iron at B-site increases B-B interaction, resulting in spin canting. Therefore, the magnetization of B-sublattice is decreased. No doubt, the magnetic moment of Mn 2+ ion is same as that of Fe 3+ (5 BM), but the exchange interaction between manganese and iron are small, that results in canting of spins of Fe 3+ and Mn 2+ ions at the A-site. Therefore, in terms of exchange interactions, the low Mn concentration reduces the number of spins occupying the A-sublattice, causing the net magnetization to increase. But, as the Mn ion concentration is increased beyond x = 0.3, the exchange interactions are weakened and B-spins are not parallel to few remaining A-spins. This departure of spins from co-linearity is called spin canting effect.
46,47 M s also depends on extrinsic properties such as grain size, grain boundary and presence of other phases. 48 The permeability of ferrite material is calculated from hysteresis loops and is related to saturation magnetization and coercivity, via relation
Therefore, for x = 0.3, higher M S will lead to an increased value of µ ′ as given in Table 2 . The observed values of M s are found to be comparatively smaller than as found by Ref. 43 .
The coercivity values are given in Table 2 for all the compositions. A slight increase in H c , is observed up to x = 0.2, a minimum value of 95 Oe at x = 0.3 and then further increases. The coercivity of the ferrites is influenced by many factors such as magnetocrystalline anisotropy, micro strain, magnetic particle morphology, shape anisotropy, size distribution and domain size. The variation in H c upto x = 0.2 can be explained on the basis of domain structure, anisotropy of the crystal as in single domain structures H c is found to increase with increase in crystallite size.
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Beyond x ≥ 0.3, magnetocrystalline anisotropy is dominant. 43 The increased value of M S and low value of H C , especially for x = 0.3 is quite suitable to get higher cutoff frequency and this material can be suitable for high frequency applications. resistivity of the sample decreases with an increasing temperature according to the relation
DC resistivity measurements
where T is absolute temperature, K is Boltzmann constant and E p represents the activation energy 50 which is the energy needed to release an electron from an ion for a jump to the neighboring ion, so giving rise to the electrical conductivity. A displacement of the ions occurs in the neighborhood of the electron in question, when an electron jumps. The resistivity (ρ) for compositions Ni the stoichiometric compositions, better crystal structures and the improved nanostructures obtained by the hydrothermal method. Another factor which contributes to the high resistivity of the sample is smaller grain size. Samples sintered at low temperature possess small grain size as they consist of more number of grain boundaries. 25 The grain boundaries are the region of mismatch between the energy states of adjacent grains and hence act as barrier to the flow of electrons.
Activation energy
Activation energy, E p was calculated from the slope of the graphs of dc resistivity according to the relation 
Curie temperature
Curie temperature is a basic quantity for the study of magnetic materials. It corresponds to the temperature at which a magnetically ordered material becomes magnetically disordered, i.e., becomes paramagnetic. Curie temperature also signifies the strength of exchange interaction between the magnetic atoms. Curie temperature for the compositions Ni 0. • C which means that the ferrite sample losses its properties beyond this temperature and behaves as a paramagnetic material.
Conclusion
In conclusion, high spin Mn 2+ ions substituted nickel magnesium nanoferrite particles of composition Ni 0.5−x Mn x Mg 0.5 Fe 2 O 4 , (0 ≤ x ≤ 0.4), have been successfully synthesized by the hydrothermal method at 100
• C. After appropriate heat treatments following observations are made:
(1) Average crystallite size ranging between 28 nm-48 nm has been observed as confirmed from XRD study. 
